Two experiments were conducted to test if supplementation of LMET has beneficial effects on growth performance and gut health in nursery pigs compared with dl-Met. In Exp. 1, 168 pigs in 56 pens were randomly allotted to 7 dietary treatments for 20 d, including a basal diet (BD; 55% of the NRC requirement for Met), the BD + 0.048% l-Met or dl-Met (70% of the NRC requirement), the BD + 0.096% l-Met or dl-Met (85% of the NRC requirement), and the BD + 0.144% l-Met or dl-Met (100% of the NRC requirement). Body weight and feed disappearance were recorded every 5 d for computation of growth performance. In Exp. 2, 20 individually housed nursery pigs were randomly allotted to 2 dietary treatments for 20 d: DML (0.16% Met from the BD + 0.145% supplemental dl-Met) or LMET (0.16% Met from the BD + 0.145% supplemental l-Met). Both diets had Met meeting 95% of the NRC requirement. Duodenum samples from all pigs were collected at the end of the trial to evaluate morphology and redox status. In Exp. 1, during the entire 20 d, pigs fed diets supplemented with l-Met tended to have greater (P = 0.087) ADG and reduced (P < 0.01) plasma urea nitrogen (PUN) than pigs fed diets supplemented with dl-Met. The relative bioavailability (RBA) of l-Met to dl-Met for ADG and G:F was 143.8 and 122.7%, respectively. In Exp. 2, pigs fed a diet supplemented with l-Met had duodenum tissue with greater (P < 0.05) concentrations of glutathione (GSH) and greater villus height and width as well as lower (P < 0.05) concentrations of protein carbonyl compared with pigs fed dl-Met. Overall, compared with dlMet, the use of l-Met as a source of supplemental Met in nursery pig diets enhanced duodenum villus development in association with reduced oxidative stress and improved GSH. The beneficial effects of supplementing l-Met compared to dl-Met in gut of nursery pigs resulted in a potential enhancement of ADG and reduction of PUN.
INTRODUCTION
Methionine is the first limiting AA in diets for poultry and second or third limiting AA in corn-soybean meal diets for pigs (Cromwell, 2004; Dilger and Baker, 2007) . Marginal concentrations of total sulfur AA (Met and Cys) in animal diets lead to a great demand and production of supplemental Met compounds, which takes 40% of total feed grade AA used in animal production (Dilger and Baker, 2007) . Conventional sources of supplemental Met used in animal feeds are either dl-Met (99% purity powder) or an aqueous solution of 2-hydroxy-4-(methylthio) butanoic acid (Yi et al., 2006) .
In addition to being a major limiting AA for protein synthesis, Met has several biological functions, including methyl donation (Finkelstein, 1990 ) and antioxidative effects (Reddy et al., 1994; Luo and Levine, 2009) and as the precursor of bioactive compounds such as glutathione (GSH) and taurine (Finkelstein, 1990) . These functional roles of Met are important for the development and health status of animals (Stoll et al., 1998; Riedijk et al., 2007) . Interestingly, Met tends to have a greater rate of first pass metabolism in the gut than some other essential AA (Stoll et al., 1998) . The significant splanchnic Met metabolism indicates that the gastrointestinal tract could have a functional requirement for Met (Shoveller et al., 2003) .
In swine feed, dl-Met has long been used as a source of supplemental Met. Although d-Met is generally assumed as efficacious as l-Met for the growth of pigs due to the conversion to l-Met in the liver and kidneys (Baker, 2006; Thwaites and Anderson, 2007) , d-Met is not utilized directly by the cells of the gastrointestinal tract until it is converted to l-Met in either the liver or kidneys. In fact, l-Met is the biologically functional form of Met readily utilized by the intestinal cells and therefore l-Met can directly deliver beneficial effects to the gastrointestinal tract of nursery pigs compared with d-Met. In the past, the efficacy of dl-Met to l-Met has been compared using pigs (Cho et al., 1980; Kim and Bayley, 1983; Chung and Baker, 1992) . The results are inconsistent, showing that dl-Met is 50 to 100% effective as l-Met in pigs. This large variation is probably due to differences in the lean growth potential, the age, and the gut health of pigs tested among studies conducted more than 20 yr ago. Recently, feed-grade supplemental l-Met became available from a fermentation process, which provides opportunities to use a naturally occurring form of Met in animal feeds.
Therefore, we hypothesized that supplementation of feed grade l-Met (99% purity powder), which is an immediate source of Met for splanchnic metabolism, would have better effects on intestinal GSH level, redox status, and consequently gut development and growth performance of newly weaned nursery pigs compared with the use of feed grade dl-Met.
MATERIAL AND METHOD
The experimental protocol was approved by the Institutional Animal Care and Use Committee at North Carolina State University (Raleigh, NC).
Experiment 1
One hundred sixty-eight crossbred barrows and gilts ([Landrace × Yorkshire] × [Hampshire × Duroc]) in 56 pens (7.15 ± 0.97 kg; half barrows and half gilts) at 26 d of age (5 d postweaning) were randomly allotted to 7 dietary treatments in a randomized complete block design based on initial BW and sex. Dietary treatments included a basal diet (BD; containing Met at 55% of the NRC requirement; NRC, 1998), the BD + 0.048% l-Met or dl-Met (70% of the NRC requirement), the BD + 0.096% l-Met or dl-Met (85% of the NRC requirement), and the BD + 0.144% l-Met or dl-Met (100% of the NRC requirement). The BD (Table 1 ) was formulated to be deficient in Met but all other essential nutrients were adequate according to the NRC requirements (NRC, 1998) . Test diets were prepared by adding 2 sources of Met (l-Met or dl-Met) to a single common batch of the BD to minimize unintended variations. The concentrations of AA in final test diets were confirmed by analysis. Supplemental l-Met was obtained from a commercial company (CJ CheilJedang Co., Seoul, Korea) and is a feed-grade AA from fermentation processes. Feed-grade dl-Met (Evonik Industries AG, Hanau, Germany) was purchased locally by North Carolina State University Feed Mill (Raleigh, NC). Analyses verified that the purity of tested supplements l-Met and dl-Met was 99.1 and 99.2%, respectively (AOAC, 2006; method 982.30 E) .
Pigs, weaned at 21 d, were fed a common diet for 5 d after weaning and then were allotted to dietary treatments for 20 d. The common diet contained nutrients meeting the requirement for newly weaned pigs (NRC, 1998) . Each treatment contained 8 pens with 3 pigs per pen. The pen was considered the experimental unit. Pens (1.73 by 0.83 m) with metal screen floor were equipped with a nipple waterer and a 2-hole self-feeder. Pigs had free access to feed and water. The BW of individual pigs and feed disappearance of each pen were recorded every 5 d for computation of growth performance. Blood samples (7 mL) were collected via puncture of jugular vein of the pig with BW closest to the pen mean on d 10 and 20 at 0800 h. Plasma was obtained and frozen at -80°C until analyzed for concentrations of plasma urea nitrogen (PUN).
Experiment 2
Twenty individually housed crossbred barrows and gilts ([Landrace × Yorkshire] × [Hampshire × Duroc]; 8.40 ± 0.25 kg BW; 10 barrows and 10 gilts) at 26 d of age (5 d postweaning) were randomly allotted to 2 dietary treatments in a randomized complete block design based on initial BW and sex: DLM (0.16% Met from the BD + 0.145% supplemental dl-Met) or LMET (0.16% Met from the BD + 0.145% supplemental l-Met). Methionine content in the BD was 50% of the NRC requirement, whereas all other essential nutrients were adequate (NRC, 1998) . Dietary supplementation of either dl-Met or l-Met brought the Met content to 95% of the NRC requirement (NRC, 1998) . The dietary composition of the BD is summarized in Table 2 . Treatment diets were prepared by adding 2 sources of Met to a single common batch of the BD to minimize unintended variations. The concentrations of AA in the final test diets were confirmed by analysis.
Pigs used in the current experiment were weaned at 21 d of age and fed a common diet for 5 d and then fed the assigned diets for 20 d. The common diet contained nutrients meeting the requirement for newly weaned pigs (NRC, 1998) . Pigs were allowed ad libitum access to feed and water. The BW of individual pigs and feed disappearance were recorded every 5 d to determine growth and feed intake. Blood samples of all pigs on d 20 of the experiment were collected from the jugular vein into vacutainers (BD, Franklin Lakes, NJ) containing EDTA at 0800 h. At the end of the 20-d feeding, all pigs were euthanized, the viscera were quickly exposed, and an additional EDTA tube of blood was collected via the portal vein. Plasma samples from both jugular and portal veins were obtained by centrifugation (1,500 × g at 4°C for 10 min) and were frozen at -80°C until analyzed for concentrations of malonedialdehyde (MDA) and PUN.
Following euthanasia, the gastrointestinal tract was quickly removed and the small intestine was dissected. The middle section of the duodenum was isolated and flushed with saline solution. Half of the section was fixed in 10% formaldehyde phosphate buffer and kept for microscopic assessment of mucosal morphology. The other half of the section was opened for scraping of the mucosa layer into a microassay tube, which was frozen in liquid nitrogen. A part of the liver (20 g; right upper lobe) was also collected into a microassay tube and frozen in liquid nitrogen. Mucosa and liver samples were then stored in -80°C until analyzed for concentrations of GSH, total antioxidant capacity (TAC), protein carbonyls, and MDA as markers for oxidative and antioxidative status. 
Duodenum Morphology
Duodenum samples were embedded in paraffin, cut cross-section to 5 μm thick, and mounted on polylysinecoated slides. Slides were then stained (hematoxylin and eosin) and examined under a Sony CCD color video camera attached to an Olympus Van-Ox S microscope (Opelco, Washington, DC). Villus height (from the tip of the villi to the villus-crypt junction), villus width (width of the villus at one-half of the villus height), and crypt depth (from this junction to the base of the crypt) were determined (Shen et al., 2009 ). Lengths of 10 well-oriented intact villi and their associated crypt were measured in each slide. The same person executed all the analysis of intestinal morphology.
Malonedialdehyde
As an index of lipid peroxidation, concentrations of MDA in plasma samples were measured using a commercial ELISA kit (Cell Biolabs, San Diego, CA) according to the manufacturer's instruction. All samples were tested in duplicate. Concentrations of MDA in plasma were expressed as micromolar concentration (Chaytor et al., 2011; Shen et al., 2012a) .
Concentrations of MDA in duodenum mucosa were also analyzed using the ELISA kit. Mucosa samples (100 mg) from the duodenum were weighed and suspended into 0.6 mL PBS containing 0.05% butylated hydroxytoluene. Mucosa samples were homogenized (Tissuemiser; Thermo Fisher Scientific Inc., Rockford, IL) on ice. The homogenate was centrifuged at 15,000 × g at 4°C for 30 min to collect supernatant, which was used to determine concentrations of MDA and protein concentrations. Protein concentration was measured using a commercial kit (Thermo Fisher Scientific) according to Smith et al. (1985) . Concentrations of MDA in intestinal mucosa were expressed as micromoles per gram of protein.
Plasma Urea Nitrogen
Concentrations of PUN were determined using a urea N kit (Stanbio Laboratory, Boeme, TX). All samples were tested in duplicate. Intra-and interassay CV were 2.6 and 3.0%, respectively (Shen et al., 2012a,b) .
Assessment of Protein Oxidation
Protein carbonyl is a biomarker of protein oxidation. For the assessment of protein carbonyl content, intestinal mucosa samples (100 mg) were weighed, suspended into 0.6 mL PBS buffer, and homogenized (Tissuemiser; Thermo Fisher Scientific Inc.) on ice. The homogenate was centrifuged at 15,000 × g at 4°C for 30 min. The supernatant was used to determine concentrations of protein carbonyl and protein using ELISA kits (Cell Biolabs). Concentrations of protein carbonyl in intestinal mucosa were expressed as micromoles per gram of protein.
Glutathione
Glutathione is a ubiquitous antioxidant in cells. Liver and duodenum mucosa (100 mg) were weighed and suspended into 0.6 mL ice-cold buffer containing 5% metaphosphoric acid. Samples were homogenized using a glass pestle on ice. The homogenate was centrifuged at 15,000 × g at 4°C for 30 min. The supernatant was used to determine concentrations of total GSH and protein concentrations using the ELISA kit (Cell Biolabs). Concentrations of total GSH in liver and duodenum mucosa were expressed as micromoles per gram of protein.
Total Antioxidant Capacity
Total antioxidant capacity characterizes the capacity of a cell to react with reactive oxygen species and free radicals. Greater TAC level in tissue indicates greater capacity of reacting to reactive oxygen species. Liver and duodenum mucosa (100 mg) were weighed, suspended into 0.6 mL PBS buffer, and homogenized (Tissuemiser; Thermo Fisher Scientific Inc.) on ice. The homogenate was centrifuged at 15,000 × g at 4°C for 30 min. The supernatant was used to determine concentrations of TAC and protein concentrations using ELISA kits (Cell Biolabs). Concentrations of TAC in liver and duodenum mucosa were expressed as micromoles per gram of protein.
Statistical Analysis
In Exp. 1, data for each response were analyzed using the Mixed Model (PROC MIXED) procedure of SAS (SAS Inst. Inc., Cary, NC). The design was a randomized complete block design. The pen was considered the experimental unit. Preplanned contrasts were used to evaluate the effects of Met sources (BD vs. lMet, BD vs. dl-Met, and l-Met vs. dl-Met for an average of 3 supplemental levels). Due to the nonlinear response for growth performance and concentrations of PUN, a nonlinear exponential regression analysis was used to evaluate the relative bioavailability (RBA) of l-Met to dl-Met (Littell et al., 1997; Kim and Easter, 2001; Ji et al., 2006; Kim et al., 2006) . The following nonlinear equation was applied: Littell et al. (1997) . Confidence intervals were used to indicate statistical significance of RBA according to Lemme et al. (2002) . Statistical differences were considered significant with P < 0.05 whereas 0.05 ≤ P < 0.10 was considered a tendency.
In Exp. 2, data for each response were analyzed using the Mixed Model (PROC MIXED) of procedure SAS (SAS Inst. Inc., Cary, NC) following a randomized complete block design. The pig was considered the experimental unit. Since plasma samples were obtained from 2 locations (jugular and portal) in the pig, a special interest was to investigate effects of dietary treatment on plasma MDA and PUN on different locations. Therefore, plasma MDA and PUN were analyzed as split-plot design using the Mixed Model (PROC MIXED) procedure of SAS, where dietary treatments served as a whole plot factor and locations where blood was obtained served as a split plot factor. Statistical differences were considered significant with P < 0.05 whereas 0.05 ≤ P < 0.10 was considered a tendency.
RESULTS

Experiment 1
During the first 10 d, supplementation of either l-Met or dl-Met increased (P < 0.001) ADG, ADFI, and G:F compared with pigs fed the BD. Pigs fed diets supplemented with l-Met tended to have greater (P = 0.076) ADG than pigs fed diets supplemented with dl-Met. During the entire 20 d, supplementation of either l-Met or dl-Met increased (P < 0.001) ADG, ADFI, and G:F compared with pigs fed the BD. Pigs fed diets supplemented with l-Met tended to have greater (P = 0.087) ADG than pigs fed diets supplemented with dl-Met (Table 3) .
On d 10, supplementation of either l-Met or dl-Met reduced concentrations of PUN (P < 0.01) compared with the BD (Table 4) . Pigs fed diets supplemented with l-Met had lower concentrations of PUN (P < 0.05) than the pigs fed diets supplemented with dl-Met. On d 20, supplementation of either l-Met or dl-Met reduced concentrations Table 3 . Growth performance of pigs fed graded levels of either l-Met or dl-Met in contrast to the basal diet (BD) For determination of the RBA of l-Met to dl-Met, the comparison of regression equations for l-Met and dlMet was applied. In the nonlinear exponential regression analysis, the absolute daily intake of either supplemental l-Met or dl-Met was used for the x-axis (Littell et al., 1997) . During the first 10 d, the RBA of l-Met to dl-Met for ADG and G:F was 159 and 139% with confidence intervals of 45 to 273% and 12 to 265%, respectively ( Fig. 1  and 2 ). During the entire 20 d, the RBA of l-Met to dlMet for ADG and G:F was 144 and 123% with confidence intervals of 40 to 247% and 26 to 220%, respectively ( Fig. 3 and 4) . During the entire 20 d, pigs fed the BD had an ADG of 219 g and G:F of 0.45 g/g. Based on the equations developed from the growth data for the overall period, the maximum potential response for the overall ADG and G:F was 364 g and 0.55 g/g, respectively. The RBA of l-Met to dl-Met for concentrations of PUN on d 10 and 20 was 160 and 99% with confidence intervals of 6 to 315% and 4 to 204%, respectively ( Fig. 5 and 6 ).
Experiment 2
During the entire experimental period, ADG and ADFI were not affected by supplementation of the 2 different sources of Met. However, pigs fed a diet supplemented with l-Met tended to have 7.4% greater (P = 0.064) G:F compared with pigs fed a diet supplemented with dl-Met (Table 5) .
Pigs fed a diet supplemented with l-Met had 15.4 and 7.4% greater (P < 0.05) villus height and width compared with pigs fed a diet supplemented with dlMet (Table 6 ). Compared with pigs fed a diet supplemented with dl-Met, pigs fed a diet supplemented with l-Met tended to have 17.5% greater (P = 0.075) villus height:crypt depth ratio in the duodenum.
On d 20, MDA and PUN were measured in plasma from the portal vein and plasma from the jugular vein (Table 7) . Pigs fed a diet supplemented with l-Met tended to have 19.9% lower (P = 0.069) plasma MDA compared with pigs fed a diet supplemented with dl-Met. Plasma MDA in the portal vein was 19.4% greater (P < 0.05) than in the jugular vein. The PUN was not affected by supplementation of 2 different sources of Met in this study. However, PUN in the portal vein was 29.1% lower (P = 0.022) than in the jugular vein. By comparing the plasma samples obtained from the portal vein, pigs fed a diet supplemented with l-Met tended to have 24.4% lower (P = 0.071) MDA compared with pigs fed a diet supplemented with dl-Met. Plasma MDA was not affected by supplementation of the 2 different sources of Met in jugular vein samples.
Redox status was measured in liver and duodenum mucosa (Table 8) . Concentrations of GSH in the duodenum were increased by 68.7% (P < 0.05) in pigs fed a diet supplemented with l-Met compared with dl-Met. Concentrations of GSH in the liver were not affected by Table 4 . Plasma urea nitrogen of pigs fed graded levels of either l-Met or dl-Met in contrast to the basal diet (BD) supplementation of 2 different sources of Met. Pigs fed a diet supplemented with l-Met had 8.4 and 3.4% greater (P < 0.05) TAC in duodenum mucosa and the liver compared with pigs fed a diet supplemented with dl-Met. Pigs fed a diet supplemented with l-Met had a 12.0% lower (P < 0.05) concentration of protein carbonyl in duodenum mucosa than pigs a fed diet supplemented with dl-Met.
DISSCUSSION
The primary objective of Exp. 1 was to compare the growth response of nursery pigs fed with diets supplemented with either l-Met or dl-Met, confirming that l-Met was better utilized for growth and development of nursery pigs. The RBA of l-Met to dl-Met was calculated as 144 and 123% for the overall ADG and G:F, respectively. According to Littell et al. (1997) , the RBA of a test substance relative to a standard substance is the ratio of the amounts of the standard and test substances required to produce the same responses, often growth response. Our results indicate that pigs required 144 or 123 units of dl-Met to achieve the overall ADG and G:F that was produced by 100 units of l-Met. This finding is largely consistent with the study reported by Kim and Bayley (1983) , which showed that d-Met was only 50% efficacious relative to lMet in young piglets. Reifsnyder et al. (1984) also showed that pigs fed l-Met had an improved G:F compared with pigs fed same amount of dl-Met. Therefore, it appears that l-Met was better utilized by pigs than dl-Met, and the difference in the functional role for gut development of young animals is speculated as one of the reasons for the resulting difference in growth performance.
Despite our clear results, not all studies have shown consistent responses between d-Met and l-Met. Cho et al. (1980) reported that d-Met was 99% as efficacious as l-Met for miniature pigs. This finding is similar to data reported by Chung and Baker (1992) , which indicated d-Met was 100% as efficacious as l-Met as for growth of pigs. The inconstant utilization efficiency of Met isomers among studies can partly be due to differences in the ages of pigs (Cho et al., 1980; Kim and Bayley, 1983; Chung and Baker, 1992) . Pigs used by Chung and Baker (1992) and Cho et al. (1980) were 5 to 6 wk of age and weaned at 3 wk of age. However, younger pigs were used in our current study (26 d of age) as well as in the study by Kim and Bayley (1983;  3 d of age) and Reifsnyder et al. (1984; 21 d of age) . In the current study, the RBA of l-Met to dl-Met calculated from the growth response curves was higher for the data obtained from the first 10 d compared with the overall period. These results indicated that utilization of Met isomers may be a function of age. The RBA of l-Met to dl-Met estimated from concentrations of PUN on d 10 and 20 was 160.2 and 99.1%, respectively. The inconsistent RBA of l-Met to dl-Met obtained from concentrations of PUN on d 10 and 20 again indicated that the utilization of Met isomers may be a function of age (Chung and Baker, 1992 ).
In the current study, compared with pigs fed a diet supplemented with dl-Met, pigs fed a diet supplemented with l-Met showed reduced MDA and protein carbonyl levels, which indicated less oxidative stress in the mucosa of the duodenum. One possible explanation for the reduced oxidative stress by l-Met compared to dl-Met would be the greater efficiency of Met metabolism for GSH production in the gastrointestinal tract because d-Met in dl-Met would not be able to be used in the gastrointestinal tract until it is converted to l-Met in the liver or kidney. Glutathione plays an important role in antioxidative defense. During first pass splanchnic metabolism, the major catabolism of the dietary Met includes a transsulfuration reaction in pigs (Riedijk et al., 2007) . Transsulfuration of Met generates Cys at the cost of Met. Notably, cellular Cys is the rate-limiting factor in cellular GSH synthesis (Deneke and Fanburg, 1989) . The l-Met is readily metabolized in the gastrointestinal tract for GSH production, whereas d-Met is not a biologically functional form in the gut. Therefore, as a biologically functional source of Met, l-Met may be better metabolized by the gastrointestinal tract and serve as a more efficient substrate for antioxidative function than dl-Met. Enhanced efficiency of the first pass metabolism of Met, and consequently enhanced GSH synthesis in intestinal mucosa, may explain the reduced oxidative stress (Stipanuk et al., 2002; Stipanuk, 2004) .
Besides being involved in GSH metabolism, l-Met itself is also an efficient reactive oxygen species scavenger and serves as an important antioxidant (Levine et al., 1996) . Indeed, a variety of reactive oxygen species react readily with l-Met residues in proteins to form Met sulfoxide. Then, Met sulfoxide reductases catalyze a reduction of Met sulfoxide back to l-Met, consequently scavenging the reactive oxygen species (Reddy et al., 1994; Levine et al., 1996; Luo and Levine, 2009) . Notably, most cells contain Met sulfoxide reductases (Moskovitz et al., 1997 (Moskovitz et al., , 1999 (Moskovitz et al., , 2001 Kryukov et al., 2002) . Therefore, it has been proposed that free l-Met and l-Met residues in protein serve as endogenous antioxidants in cells (Levine et al., 1996; Kryukov et al., 2002; Luo and Levine, 2009) . In contrast, d-Met sulfoxide is not effectively used by Met sulfoxide reductases and thus significantly less bioactive compared with l-Met sulfoxide (Kuzmicky et al., 1977; Friedman and Gumbmann, 1988) . Consequently, d-Met may exert less antioxidative function in mucosa cell compared with l-Met (Friedman and Gumbmann, 1988) .
Pigs fed a diet supplemented with l-Met had better villus morphology in the duodenum. The morphology data suggested that l-Met had greater beneficial effects on gut development compared to dl-Met. The gastrointestinal tract is a highly differentiated and complex organ, which is not only responsible for the digestion and absorption of nutrients but also converts and catabolizes AA to maintain its functions (Windmueller and Spaeth, 1980; Reeds et al., 1996) . Studies have shown that a third of dietary intake of essential AA is utilized in first pass metabolism by the gastrointestinal tract (Stoll et al., 1998) . Moreover, metabolism of essential AA by the intestinal mucosal cells is quantitatively greater than AA incorporation into mucosal protein (Stoll et al., 1998) . Therefore, it has been proposed that the metabolism of AA may represent a functional requirement by the intestine for purposes of biological functions including the catabolism of Gln for energy and the utilization of Thr for mucin production (Windmueller and Spaeth, 1980; Roberton et al., 1991; Stoll et al., 1998; Riedijk et al., 2007) . Recent studies in neonatal piglets fed with Cys-free diets indicated that the 1 Each mean represents 10 pigs (n = 10).
2 LMET: 0.16% Met from the basal diet + 0.145% supplemental L-Met; and DLM: 0.16% Met from the basal diet + 0.145% supplemental DL-Met. whole body Met requirement is about 40% lower in total parenterally fed compared with enterally fed pigs, demonstrating that splanchnic sulfur containing AA metabolism is nutritionally significant (Shoveller et al., 2003) . Even with excess dietary Cys, the Met requirement in total parenterally fed pigs was still 28% lower than enterally fed pigs, again implying significant first pass Met metabolism. Notably, the utilization of Met in the gastrointestinal tract tends to be greater than the use of other essential AA (Stoll et al., 1998) . Therefore, there appears to be a specific need for the functional role of Met in the development and maintenance of the gastrointestinal tract (Stoll et al., 1998) . Besides being incorporated into protein, one of the major functional roles of Met is an efficient reactive oxygen species scavenger and an important antioxidant (Levine et al., 1996; Brosnan and Brosnan, 2006) . Considering the oxidative stress associated with intestinal tract of young animals, the functional role of Met, especially its antioxidative effect, may be the key requirement of the development of the gastrointestinal tract of an animal. Intestinal mucosal cells are exposed to a variety of reactive oxygen species. The turnover and elimination of whole cells is a prevention reaction of intestinal cells to reduce further spread and challenge of reactive oxygen species (Sies, 1997) . Reduction of oxidative stress therefore might decrease elimination of intestinal cell and improve morphology of intestinal mucosal cells. Therefore, the effectiveness of l-Met as an antioxidant and on GSH production may explain the improved villus development in the duodenum by l-Met compared with dl-Met. Moreover, our result showed that MDA levels of plasma samples obtained from the portal vein were higher than the jugular vein. This indicates that a higher oxidative stress was associated with the gut compared with the whole body. This stress may be due to a high turnover rate and metabolism in the gut mucosa cells (Sies, 1997) .
Overall, compared with dl-Met, use of l-Met as a dietary source of Met in nursery pig diets enhanced morphology of the duodenum in association with reducing oxidative stress and improving GSH production in mucosa cells. The beneficial effect of supplementing lMet compared to dl-Met in nursery pigs resulted in a potential enhancement of ADG and reduction of PUN. Therefore, l-Met appears to be an effective source of Met compared with dl-Met for newly weaned pigs. 1 Each mean represents 10 pigs (n = 10).
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